Brassica seed crops are grown throughout New Zealand and worldwide, and inter-crop and crop-weed contamination through gene flow is a major concern. For Brassica, large arthropods (body length > 3 mm), particularly honey bees, are the most important pollinators and are considered key vectors of pollen. Small arthropods (body length < 3 mm) are also abundant in Brassica crops but their role as pollinators is rarely assessed. Numerous small arthropods (particularly Diptera and Thysanoptera) were recorded within cages surrounding pak choi inflorescences that excluded large arthropods. Inflorescences inside these cages set seed, but seed set was significantly reduced compared with inflorescences in cages that were hand pollinated and uncaged inflorescences. Although the presence of large arthropods significantly increased seed set, the role of small arthropods and wind cannot be excluded in pak choi pollination. Further studies are required to fully determine the role of small arthropods in long distance pollen flow.
INTRODUCTION
Large arthropods, particularly Hymenoptera (e.g. Apis mellifera) and Diptera (e.g. Syrphidae and Calliphoridae) are considered to be the most important pollinators of Brassica crops (Westerkampe & Gottsberger 2000; Cunningham et al. 2002) and therefore have been the focus for studies into pollen movement of genetically modified crops (Pierre & Renard 1999; Cresswell & Osborne 2004) . However, these studies often ignore the role of small arthropods (body length < 3 mm), which can represent a large proportion of the flower visitor assemblage (e.g. Diptera from the families Drosophilidae and Ephydridae; and thrips (Thysanoptera)) (Veer 1978; Rubin-Reyes & Cervancia 1999; Howlett et al. 2009a,b) . Understanding the role of small arthropods in pollination of crops such as brassicas is essential to evaluate whether they provide any significant economic value as pollinators (i.e. their relative contribution to seed set) and to assess whether they are likely to provide a significant contribution to unwanted pollen movement from crops.
The objective of this research was to differentiate the contribution of large arthropods versus small arthropods and wind in pak choi (Brassica rapa L. ssp. chinensis L. Hanelt.) pollination. An exclusion cage experiment was used to compare seed set in inflorescences exposed to all arthropods with inflorescences that were only accessible to small arthropods.
MATERIALS AND METHODS Exclusion of large arthropods from pak choi inflorescences
Cages were designed to exclude large arthropods from individual pak choi inflorescences, and were also tested for inhibition of small arthropod access to inflorescences. Experiments were conducted in a single pak choi trial plot (50 m × 50 m) near Gore (46°06'51.77"S, 168°54'51.90"E). Cages consisted of a clear acetate plastic (1 mm thick) cylindrical support covered by a mesh bag (mesh hole size 3 mm in diameter) that contained a Velcro ® opening at the top (Fig. 1) . Three green plastic and metal supporting stakes (height 1.5 m, diameter 15 mm), were spaced equidistantly around the inflorescence, the cage structure placed over the inflorescence and secured to each stake using Velcro ® tags sown to the bag (Fig. 1) . The bag was then tied around the inflorescence stem using string to close the cage. 
Experiment 1
Four 3×3 Latin squares were laid out in separate blocks. There were three replicates of three treatments per block, giving a total of 12 replicates per treatment. The treatments were: (1) inflorescence enclosed in a cage, allowing the passage of small arthropods only, (2) inflorescence enclosed in a cage, allowing the passage of small arthropods only and with hand cross-pollination (inflorescences were hand pollinated twice daily for 5 days) and (3) uncaged inflorescences. One primary flowering inflorescence containing 25-35 unopened buds that had just begun flowering (i.e. each contained between one and five open flowers) was chosen for each treatment and replicate, and open flowers were subsequently removed. The four blocks were located in each corner of the field, beginning 5 m inside the two field margins, with treatments and replicates spaced 5 m apart. Treatments remained in the field until seed set (approximately 3 weeks). For each inflorescence the total number of pods, fully developed (developed to full seed size) and aborted seeds was obtained. The percentage seed set was calculated from the total number of fully developed seeds in all pods and total number of seeds in all pods (fully developed + aborted) in each inflorescence, in order to weight the means appropriately for the variable number of pods per inflorescence. The mean number of fully developed seeds per pod was estimated in the same way.
Data were analysed by ANOVA of angular transformed percentage seed set and log-transformed (log 10 (n + 1)) mean number of fully developed seeds per pod and pods per inflorescence using the GenStat statistical package.
Experiment 2
Sticky traps were used to assess the type and abundance of small arthropod flower visitors inside and outside the cages. The traps consisted of a circular piece of clear acetate, with a central hole (diameter 15 mm). It was stapled around the inflorescence stem to form a funnel positioned within 15 mm of the base of the inflorescence, with cotton wool placed between the stem wall and the acetate to protect the inflorescence stem from damage ( Fig. 1) . A thin layer of Tangle-Trap ® (Insect Trap Coating: paste formula, The Tanglefoot ® Company, Michigan USA) was then applied to the acetate to capture arthropods.
The experiment was conducted simultaneously with Experiment 1 and within the same field. Four 2×2 Latin squares were laid out in two blocks, so the two treatments were replicated eight times (four replicates per block). The treatments were: (1) caged inflorescences containing a sticky trap and (2) open-pollinated inflorescences containing a sticky trap, as a control. The two blocks were located at opposite ends of the field (5 m inside the field margin) spaced equidistantly (7.5 m) between Experiment 1 blocks, with treatments and replicates spaced 5 m apart. Experiments 1 and 2, which ran simultaneously, together occupied approximately 62% of the total field area. Traps were removed from the field after seed set (approximately 3 weeks). Arthropods adhering to the traps were sorted to order or family level where possible and counted.
For arthropod counts, numbers per trap were generally low, so a generalised linear model with Poisson error distribution and log link was used for analysis. Where replicate differences were small and their deviance less than the residual deviance (P>0.4) the replicate deviance was pooled with the residual (Bancroft & Han 1983) . If the residual deviance was less than the theoretical Poisson value of 1.0 the latter was used to test the difference between treatments. Percentage seed set and mean number of fully developed seeds per pod were calculated as for Experiment 1. Angular transformed percentage seed set and log-transformed (log 10 (n + 1)) mean number of fully developed seeds per pod and pods per inflorescence were compared between treatments and between corresponding treatments in the first experiment (i.e. open-pollinated and bagged inflorescences without sticky traps) by ANOVA.
RESULTS
For Experiment 1 percentage seed set, mean number of fully developed seeds per pod and pods per inflorescence were all similar for uncaged and hand-pollinated caged inflorescences but were significantly (P<0.01) less for the caged (no hand pollination) inflorescences (Table 1) .
For Experiment 2 percentage seed set for the caged inflorescences was not significantly different to uncaged inflorescences (Table 1) . However, the mean number of fully developed seeds per pod was significantly lower for caged inflorescences than for uncaged inflorescences. There was no significant difference in pods per inflorescence between caged and uncaged inflorescences.
Comparing Experiment 2 (sticky traps present) with Experiment 1 (no sticky traps present), there were no significant differences in either percentage seed set for the caged inflorescences or the mean number of fully developed seeds per pod for the uncaged inflorescences (Table 1) . However, there were significant differences (P<0.05) in percentage seed set for the uncaged inflorescences, mean number of fully developed seeds per pod for the caged inflorescences and pods per inflorescence for both caged and uncaged inflorescences. A diverse assemblage of small arthropods was collected on sticky traps placed on both caged and uncaged inflorescences, with Diptera, Thysanoptera and Hemiptera being the dominant orders (Table 2) . Of the dipteran families represented, Chironomidae, Ephydridae, Sciaridae and Mycetophilidae were the most abundant. There were no significant differences in sticky trap counts between caged and uncaged inflorescences for Diptera, Coleoptera, Hemiptera, Hymenoptera, Thysanoptera or other small arthropods (Table 1) . However, there were some significant differences between two dipteran families, with Lonchopteridae and Dolichopodidae significantly more abundant in uncaged inflorescences than in caged inflorescences. All other dipteran families showed no significant differences between treatments (P>0.05) ( Table 1) .
DISCUSSION
Although caging inflorescences to exclude large arthropods significantly reduced the mean number of fully developed seeds per pod, and in Experiment 1, percentage seed set, the proportion of seeds set in caged inflorescences was still ca 33% in both experiments. Therefore the role of small arthropods in Brassica pollination cannot be discounted. However, wind pollination could have contributed significantly to the seed set, since other studies show wind as a factor in Brassica pollination (Williams 1984; Williams 1985; Korpela 1988; Walklate et al. 2004) . Wind pollination alone can produce a Brassica seed crop, but exposure to large arthropods such as honeybees can significantly increase the seed yield (Free 1993 , and references therein). Although it cannot be certain that the exclusion cages affected the behaviour of small arthropods and altered their pollinator effectiveness, sticky traps inside the cages demonstrated that small arthropods readily moved through the mesh and in most cases were captured at similar abundances to uncaged inflorescences. Differences between seed set in inflorescences with and without sticky traps may have been due to the effect of sticky traps on pollinator performance and abundance on and around inflorescences, or due to interactions between the sticky trap and the inflorescences themselves. A survey of small arthropods in flowering pak choi fields throughout the North and South Islands of New Zealand by Howlett et al. (2009b) demonstrated that the taxa and their relative abundance in the present experimental field (GO5) was typical of other fields. Therefore the experimental results from the present study should be applicable to other fields in New Zealand. This study demonstrates the complexity of determining the contribution that different flower visiting arthropods and wind make to pollination in Brassica species. Brassica species are widely grown around the world as a genetically modified crop, and so has been a major focus for risk assessment studies (Timmons et al. 1996; Wilkinson et al. 2003; Walklate et al. 2004 ). However, many of these studies focus on the role of large arthropods (Pierre 2001; Cresswell et al. 2002; Funk et al. 2006 ) and wind (Timmons et al. 1995; Shaw et al. 2006) in vectoring pollen from crops, and ignore the role of small arthropods. Given that small arthropods are very abundant in Brassica fields (Howlett et al. 2009a,b) and can be carried over large distances (several kilometres) via wind currents (Lewis 1997; Pathak et al. 1999) , further studies to assess their potential as vectors for long distance pollen flow are warranted.
